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C H A P T E R - 1 
I N T R O D U C T I O N 
*The solid state science has taken a sharp turn in 
the recent years owing to the high utility of solid state 
devices in technological applications. In the past three 
decades chemists have turned to solid state science to 
understand the fundamental basis of industrial advances. 
This period has been marked by the rapid growth of solid 
state and material science. Investigations in solid state 
reactions have been stimulated by their increasing appli-
cations [1-3] in metallurgy, ceramics, manufacture of 
artificial gems, laser chemistry, geochemical processes 
and in the chemistry of propellants and polymers. Also 
new semi-conductors, dielectric, solid state batteries, 
organic and inorganic polymers and glasses have been 
synthesized by solid state reactions. Spinels foitned from 
various oxides and their solutions are used in television, 
radar and jet planes. The advances made in the super-
conducting materials during the past few years have led 
to an increased importance of solid state chemistry. Thus 
studies on solid state reactions deserve a great importance. 
Solid state chemistry deals with structures and 
properties of solids interms of their chemical compositions 
and crystal and electronic structures. Also synthesis of 
unknown members in a structurally related family in order 
to extend and extrapolate structure - property related 
ions and preparations of known compounds to investigate 
a speci f ic property are the challenging and rewarding areas 
of so l ic s t a t e chemistry. 
Solid s t a t e reac t ions d i f f e r from l iqu id and gaseous 
phases to a g rea t extent and are more complicated. However, 
they are free from complications a r i s ing out of the solvent 
and t h e i r r a t e s are very slow. In these r eac t ions a t l e a s t 
one of the r eac tan t s diffuses in to o the r , thereby i n i t i a -
t ing and propagating the r e a c t i o n . Hence, s o l i d - s t a t e 
reac t ions are d i f fus ion cont ro l led reac t ions and are more 
conducive to k i n e t i c and mechanistic s tud ies and are very 
apt for the discovery of new species [ 4 - 7 ] . Certain com-
pounds such as HgClI and HgBrI can be prepared only in the 
sol id s t a t e [ 5 ] . 
The study of sol id s t a t e reac t ions da tes back to the 
work of Faraday [8] and Spring [ 9 ] . Sir Robert Austen [lO] 
noted the d i f fus ion of Gold in lead a t various temperatures. 
In 1909, Masing [11] found t h a t compressed metal f i l l i n g s 
reacted at temperatures below those of " e u t e c t i c " mixtures. 
Cobb [12] in 1910, described reac t ions between quartz and 
alumina with calcium carbonate or calcium su lpha t e . 
Pukall [13] prepared a number of compounds by so l id s t a t e 
i n t e r ac t i on which had not been prepared before c l a s s i c a l l y 
and, thus , e s t ab l i shed the impottance of sol id s t a t e 
r eac t ions . An extensive l i s t of such compounds along with 
the raw mater ia l s and reac t ion temperatures , has been 
prepared by Singer ano Singer [ 1 4 ] . In 1927, Jander [15] 
3 . 
fo r the f i r s t time presented a mathematical ana lys i s of 
solid s t a te r e a c t i o n s . J a r d e r ' s model was modified and 
fur ther developed by a number of workers. However, a s y s -
tematic study of s o l i d - s t a t e react ions had been s t a r t ed by 
Hedvall [16-18] and Tamman [19] and was fur ther developed 
by Wagner [20] and Jander [21,22J. 
Hedvall and his colleagues made c l a s s i c a l s tud ies of 
the solid s t a t e chemistry of inorganic subs tances . Hedvall 
[23] studied the ef fect of the thermal h i s tory ofi the 
r e a c t i v i t y of so l ids and proposed that so l ids are more 
r eac t ive when formed at lower temperatures. This idea was 
l a t e r supported by the discovery of some sol id s t a t e 
transformations occuring very rapidly a t low temperatures 
[ 2 4 ] , e .g . reac t ions of s i l v e r and copper compounds with 
mercury hal ides [25 ,26] . I t was also noticed by Hedvall 
tha t polymorphic changes in the reacting so l id s cause a 
considerable increase in the ra te of r eac t ion . This e f fec t 
was known as Hedvall e f f ec t . 
Generally sol id s t a t e react ions are exothermic. 
This follows from the fact t h a t , the overal l d r iv ing 
force for these react ions i s the difference between the 
Gibb's free energy of c r y s t a l l i n e reactants and the products 
and tha t the sol id s t a t e reac t ion entropies a re genera l ly 
smal l . 
4. 
Role of Defects in Solid State Reactions : 
The reactivity of solids is largely due to the 
presence of defects in their structure. The simplest case 
of defects are the point defects as they generally involve 
the absence of single atoms at discrete points within the 
normal lattice of solids. The point defects are essentially 
responsible in controlling the rate at which solids react. 
An understanding of point defect behaviour is, therefore, 
fundamental to the understanding of wide variety of solid 
state reactions. These defects also play their role in 
controlling the physical properties of many materials, 
particularly the electronic properties of semi-conductors 
and the colours of insulators. 
ijiffusion ; 
biffusion in solids is largely due to the mobility 
of point defects which facilitate the movement of atoms or 
ions through the structure. The process of thermal acti-
vation causes vacancies to migrate by exchanging places 
with neighbouring atoms or ions. Similarly, interstitial 
atoms also migrate from one interstitial site to another 
by thermal activation. The defect mobilities put atoms 
of a solid in a state of continual migration from site to 
site through out the crystal. 
Diffusion simply means a local non-convective flux 
of matter under the action of a chemical or electrochemical 
potential gradient.(Whenever there are variations in 
composition within a solid, a relative mass transport can 
occur of the different types of atoms or ions present which 
tendsto level out these variations. 
Diffusion in solids due to atomic movement through 
the crystalline lattice has been termed as volume, lattice 
or bulk diffusion and has been a subject of thorough study. 
Atoms or ions can diffuse not only through point defects 
but along surfaces, grain boundaries, dislocations or 
other macroscopic defects in the crystals as well. As 
the regular crystal geometry is disputed in these regions, 
atom movement in these cases is often much faster than in 
volume diffusion. 
According to Frenkel and many other workers, 
diffusion in solio state occurs by any one of the following 
mechanisms ; 
1. Rotation mechanism [27j, such as exchange mechanism or 
ring mechanism. In this mechanism three or more atoms 
take part in a cyclic exchange which can bring about diffu-
sion, but not charge transport, since such a cyclic 
process could not alter the charge configuration. 
2. Defect mechanism [28-30] such as interstitial mechanism, 
interstitialcy mechanism, vacancy mechanisni, crowdlan 
mechanism and rel'axation mechanism. 
3. Grain boundary and dislocation mechanism [31-32] 
4. Vapour phase diffusion. 
In vacancy mechanism, vacancies migrate by exchanging 
places with neighbouring atoms or ions . Similar ly i n t e r -
s t i t i a l atoms or ions can migrate from one i n t e r s t i t i a l 
s i t e to another s i t e . I n t e r s t i t i a l c y rr.echanism i s one in 
which the i n t e r s t i t i a l atoms or ions move on to a neigh-
bourina l a t t i c e s i t e and d i sp l aces the atom on tha t s i t e 
in to another i n t e r s t i t i a l p o s i t i o n . 
When penetrat ion ins ide a grain occurs , i t mostly 
involves the ro ta t ion and defec t mechanism. On the other 
hand, when l a t t e r a l diffusion occurs defect and vapour 
phase diffusion can opera te . In order to find what so r t 
of mechanism i s operat ional among these , following fac ts 
a re taken into considerat ion : 
( a) By comparing the a c t i v a t i o n energies of diiffusion 
with that of the heat of subl imat ion, i t can be decided 
whether the diffusion proceeds by defect mechanism or 
v ia vapour phase. If i t i s h igher , the former mechanism 
i s following and if they are equal the vapour phase 
diffusion takes p lace . Very low ac t iva t ion energy suggests 
surface migration or grain boundary diffusion mechanism. 
(b) If the i n i t i a l ra te of r eac t ion i s d i r e c t l y propor-
t i o n a l to the d i s soc ia t ion pressure of the s p e c i e s , the 
reac t ion would proceed via the vapour phase. 
tc) To know whether the r eac t ion i s occuring via vapour 
phase diffusion or by surface migrat ion, the r e a c t a n t s 
are once placed adjacent to each other and then separated 
from each other by an air-gap. If the reaction rate is 
same in two cases, it means that the reaction is occuring 
via vapour phase. If there is no reaction in the second 
case, it signifies that there is no vapour phase diffusion. 
If the rate decreases with increasing length of the air 
gap, then this suggests that diffusion is taking place by 
surface migration. 
( d) Inert markers can also be employed [33] in ascertaining 
whether diffusion occurs by defect mechanism or not in 
reactions where penetration inside a grain is not possible 
and are just interface reactions. If the displacement of 
inert marker is proportional to the square root of 
diffusion time, then the diffjsion occurs by the defect 
mechanism. 
In a solid state reaction, two solids react to form 
a product layer which separates them. Thus, a solid state 
reaction progresses through three steps in series, namely, 
self-diffusion of reactant species, its diffusion through 
the product layer and its diffusion and reaction in other 
reactant. This is important to note that counter diffusion 
may also be involved in the process [34,35]. 
Classification of Solid State Reactions 
Jander [36] classified solid state reactions in a 
systematic way and the classification was based on the 
nature of the chemical reactions only. Following Jander's 
c l a s s i f i c a t i o n , /..uller [37j introduced a number of simp-
l i f i ed ideas for chemical processes . La te r J o s t [38] giving 
p r i o r i t y to foririation of solid s t a t e r eac t ions to form 
new products , c l a s s i f i ed the so l id s t a t e reac t ions in to 
three c a t e g o r i e s . Roginske [39] studying the topochemical 
r eac t ions , proposed the c l a s s i f i c a t i o n on the basis of 
the s t a t e of the product formed. 
Taking a l l the theo re t i ca l background in to consi-
de ra t ion , the so l id s ta te react ions may, however, be 
c l a s s i f i ed as below : 
1 . Sol id-so l id Reactions : 
(A) Addition r e a c t i o n s . Where one sol id reac ts with other 
to form add i t ion type product, e . g . 
A(s) + B(s) ) C(s) 
(Bj Exchange r e a c t i o n s . »here one cons t i tuen t between the 
two so l ids exchanges according to one of the following 
schemes : 
A(s) + BC(s) > AB(s) + C(s) 
AB(s) + CD(s) > AD(s) + BC(s) 
ABx(s)+ CD(s) ) CBx(s) + AD(s) 
2. Solid-gas React ions, e .g . 
A(s) + B(g) ) C(s) 
A(s) + B(g) ) C(s) + D(g) 
3 . s o l i d - s t a t e t ransformation, e . g . 
A(s} ^ B(s) 
A(s) ^ B(g) + C(s) 
Addition reactions are the simple and most commonly 
studied r eac t ions . The spinel forming r e a c t i o n s , which are 
technological ly very important belong to t h i s category. 
The spinel forming reactions are of two types : 
AO + B2O3 ) A(82)04 Normal spinel 
AG + B2O3 ^ B(Aa)04 Inverse spinel 
,^here A = Mg, Ca, Ni, Cu, Co, Zn, Pb, Cd, Ba, Sr e t c . 
B = Fe, Al, S i , 3n, Mn, T i , Cr, MO, /v, 3 , V, Ga, 
Ge, PbSi, Pb2SiO, Tl2CrO. 
The progress of exchange r eac t i ons involve diffusion 
through two product layers and therefore i t i s possible 
to have a considerable var ie ty of phase arrangements. 
Example of sol id gas reaction i s the t a rn i sh ing reac t ion . 
The react ion of oxides with gaseous reducing agents belong 
to th i s category. Such react ions have been reviewed by 
Y^rontsov [40 ] . 
Organic [41] and Inorganic [42] isomerizat ion 
react ions are the examples of so l id s t a t e t ransformation. 
Solid s t a t e recemisation of inorganic complexes, e . g . 
l -C is - [c r ( en)2Cl2JCl.H2^ have a l so been ji^ported. 
solid s t a t e decomposition [43] reac t ions leading to 
the formation of gaseous products have been studied 
extensively . However, the products of transformations are 
r a r e l y a l l s o l i d s . 
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Organic Solid State Reactions: 
In e a r l i e r t imes, a l l the conclusions in solid s t a t e 
chemistry were based on the study of inorganic r eac t ions . 
Pr ior to Earner [-^ 4] , nothing has been mentioned about 
organic sol id s t a t e r eac t ions . Garner devoted only some 
par t of his (study) work to organic thermal decomposition, 
hastogi e t a l . [6J calculated the values of d i f fe ren t 
thermodynamic parameters in t h e i r s tud ies on a number of 
organic s o l i d - s t a t e r eac t ions . The subject of organic solid 
s t a t e r e a c t i v i t y i s a fasc inat ing one. Besides being of 
great academic i n t e r e s t i t he i n t e r e s t i n g c lass of chemical 
reac t ions belonging to t h i s f i e ld are also expected to be 
of synthe t ic value [45,46] . Quite a few research papers 
and review a r t i c l e s dealing with t h e o r e t i c a l and exper i -
mental aspects of organic solid s t a t e r e a c t i v i t y have 
appeared during the l a s t few years [47-55] . 
The combination of organic s o l i d - s t a t e chemistry and 
X-ray crys ta l lography has proved to be invaluable for 
s t r u c t u r e - r e a c t i v i t y cor re la t ion s t u d i e s . I n t e r e s t in 
conducting polymers as a new c lass of e l ec t ron ic materials 
has generated e n t i r e l y new s c i e n t i f i c concepts as well as 
the p o t e n t i a l for new technology [56-61] . Schmidt and his 
co-workers [62j reviewed a va r i e ty of experimental obser-
vat ions in terms of the topochemical p o s t u l a t e , which 
s t a t e s t ha t the react ions in c r y s t a l s proceed with a 
minimum of atomic and molecular movement, ano are thus 
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determined by the structures of the s tar t ing materials . 
The c rys ta l l iza t ion process, from solution or melt, 
may be associated with a change in molecular conformation 
and may be pictured as a rudimentary form of chemical reac-
t ion. This is more convincing where different isomers are 
involved [63-65]. Many organic compounds are polymorphic. 
Thus, if these molecules are of different geometries and of 
different s t ructures , the solid-solid phase transformation, 
or recrys ta l l iza t ion is also a chemical reaction [66,67J. 
conformational effects have also been studied [68-71] 
with a clear part icipat ion of packing influence. Bernstein 
and Schmidt [72j concluded that , in an appropriately 
dichloro-substituted an i l , intermolecular interaction would 
be greatest when the molecule is planar. Indeed, i t was 
found that in one of the two crys ta l l ine modifications of 
4,4-dichloroanil the molecules are planar [72] and that the 
uv-absorption spectrum of this crystal l ine material is very 
similar to those of stilbene anc azobenzene [73j . however, 
dichloro-substi tution is not sufficient to ensure planari ty, 
even when the molecules do arrange themselves in close-packed 
stacks with marked overlapping [71] . The dis t inct ion in 
conformation within the family of ani ls has not yet been 
u t i l i s ed chemically. 
Features of organic solid state reactions : 
There are certain intrest ing features of organic 
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so l i d s t a t e reactions which are summarized below : 
( i ) The i n t r i n s i c r e a c t i v i t y of a molecule i s less important 
than the nature of the packing of the neighbouring molecules 
around the reac tan t s . 
( i i ) In a c rys t a l , the possible types of in termolecular 
c o n t a c t s , space symrrietries with r e l a t i o n to the neares t 
neighbours and d i r e c t i o n a l i t y of approach of the re levant 
molecular moieties are s t r i c t l y l imited and well def ined. 
This brings out a dramatic di f ference between sol id and 
so lu t ion s ta te r e a c t i v i t i e s . For example, 1-chloroanthracene 
(1) gives four cimers in so lu t ion whereas a s ing le dimer 
i s forfned in the solid s t a t e [74] ^Scheme 1) . 
Similarly, acenapthylene-1-carboxylic acid (2) 
y i e ld s syn head-to-head dimer in the solid s t a t e whereas 
in so lu t ion i t gives r i se to a syn head- to - t a i l dimer 
( Scheme 2) . 
13 
h-hud 
t-uO A n u - h - l Ann - h - h 
Schelne I. Phoiodimcn/.ii ion of l<hlorojnihrMCcnc in Miiunon j n d ^olkt ^uic 
COjH 
COjH 
llud-^cad 
Scheme 2 Plii'UHJinicn/jiion nf . iccn, iph ih\ lcnc l ( . . i rNuvl i t j t i d 
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iiii; In solution the reactivity is mainly dependent on 
the electronic properties of the reactants. On the other 
hand, in crystals it depends on a balance between steric 
packinq factors and electronic properties. There are cases 
of similar behaviour of different compounds in isostruc-
tural crystals and of different reactivity of the same 
compound in different crystal phases, only that phase 
allows a favourable topochemistry which is reactive. Thus, 
the molecules that surround a reactive site in a crystal 
provide a sort of 'solvent effect'. 
(iv) In the solid-state unimolecular reactions are 
usually easier than the processes that require an encounter 
of two or more chemical entities, unless the crystal geo-
metry is such that reacting counterparts are favourably 
juxtaposed. Thus, there are cases in which proper orien-
tation of reacting groups speed up the reaction in the 
crystal with respect to solution or the melt. When this is 
not the case, solid state reaction rates are slower than 
solution rates. Diffusion and mother-daughter separation 
processes are often the rate determining steps in solid 
state reactions, but in many cases the kinetics are biased 
by the inhomogenity of the medium. Hence, it is difficult 
to expect a simple dependence of reaction on reactant 
concentration. 
(v) In crystalline solids there are very few confor-
mations taken up by molecules which, in the dispersed 
state, are very flexible. 
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(v i ) Molecular c r y s t a l s display a r i ch d ive r s i t y of poly-
morphic forms, in each of which a p a r t i c u l a r conformer 
or p a r t i c u l a r symmetry and separa t ion of functional groups 
p r e v a i l s . 
\ v i i ) iViany r e a c t i o n s donot involve the movement of 
molecules but even then the reac t ion occurs very f a s t . 
The molecules i n the crys ta ls are so designed as to enable 
them to reac t i n a pa r t i cu la r fashion. This i s a diffusion-
less reac t ion and t h i s type of reac t ion comes under the 
category of c r y s t a l engineerina. 
(v i i ) Solid s t a t e react ions are genera l ly i n i t i a t e d at 
the points of a e f e c t s or near i m p u r i t i e s , which are 
l ike ly to provide pockets of free space for molecular 
motion. Sometimes i t i s possible to induce a react ion in 
a perfect c r y s t a l simply by touching i t with a p in . 
The r eac t i ons [75-78] of organic sol ids with gases 
have been a sub jec t of renewed i n t e r e s t . The react ions of 
gases such as 0 ^ , NO and SO^ with y i r r a d i a t e d sol id 
a l i pha t i c carboxyl ic acids and amides have been under 
inves t iga t ion and may have important impl icat ions for such 
b io logica l problems as diffusion in membranes [79 ] . 
Reactions of organic sol ids with l iqu ids have also been 
studied [80-83] but are r e l a t i v e l y few. 
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Theoretical considerat ions in organic sol id s t a t e r eac t ions . 
A model of c rys t a l l i ne p o t e n t i a l f ie ld i s required 
for the quan t i t a t i ve t h e o r e t i c a l study of the molecular 
processes in organic c rys ta l s [ 8 4 j . The po ten t i a l energy 
of such a c rys t a l i s made up of d i s c r e t e e n t i t i e s in which 
e s s e n t i a l l y no ionic bonds are p r e s e n t . I t can empir ica l ly 
be descrioed by siiRple functions of interraolecular d i s t ance , 
t-our main types of forces work in such c r y s t a l s : 
( i ) repulsion between closed s h e l l s of e lec t rons (the 
pot . f ie ld has the form E = A exp (-3rt) or E = A R where 
A,A' and B are empirical parameters . R i s the d is tance 
between repe l l inn cent res , and n l i e s between 9 and 12) . 
( i i , a t t r a c t i o n s ( e s sen t i a l l y e l e c t r o s t a t i c ) between 
induced ins t an t dipoles or London d i spers ion forces . 
( i i i j coulombic in te rac t ions between permanent atomic 
charges , r e su l t i ng from moderate bond p o l a r i t i e s , which 
can also be described as i n t e r a c t i o n s between t ime- invar ien t 
molecular mult ipoles calculated from the charge d i s t r i -
bution in the molecule, and 
( iv) hydrogen bonds. 
From t h i s i t appears that molecular c rys t a l s may 
in some cases acquire a p a r t i a l l y i on ic charac ter . 
The Theory of Charge Transfer Complexes 
I t has been known for a long time that hydrocarbons 
such as napthalene react with p i c r i c acid to form a 
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coloured substance. The nature of these coloured subs-
tances has only been recent ly understood. Briegleb [85,86] 
suggested that the hydrocarbon-nitro compound adducts 
were the r e su l t of the e l e c t r o s t a t i c a t t r a c t i o n between 
the localized dipoles of the n i t r o groups and the induced 
d ipoles in the hydrocarbons. This theory could explain the 
bonding energy of a few k i l o c a l o r i e s per mole which had 
been observed.However, the forniation of colour could not 
be explained by t h i s theory. Pauling [87j suggested that 
when a hydrocarbon molecule i s close to p ic r ic acid (a t 
a d is tance of a 3.5°A) and also p a r a l l e l to i t then the 
d i e l e c t r i c constant of the environment of the p i c r i c acid 
molecule i s affected. This e f fec t r e s u l t s in grea ter 
op t i ca l absorption. The d is tance between the component 
molecules in a complex was shown by crys ta l lographic 
measurements to be only s l i g h t l y l e s s than the Vander 
»«aal's distance [b8-91j . This observat ion f ina l ly removed 
the p o s s i b i l i t y that any sor t of normal covalent bonding 
could be responsible for these complexes. On theo re t i ca l 
considerat ions too , the i n s t an t equil ibrium in so lu t ion 
disfavours covalent bonding. 
In 1949 Benesi and Hildebrand [92J reported tha t 
so lu t ions containing an aromatic hydrocarbon and iodine 
had an e lec t ron ic absorption band not present in e i t h e r 
component a lone . in 19bu Jnulliken [93j suggested tha t 
complex formation occurs through an intermolecular 
l b 
charge- t ransfe r t r a n s i t i o n . The de ta i led theory was put 
forward by him in 1952 [ 9 4 , 9 5 j . .•is a resu l t of Mull iken 's 
theory there has been a great st imulus to the developments 
in the study of the cha-rge t r a n s f e r (CT) complex. 
Complexes have been s tudied mostly in so lu t ion s t a t e . 
Some s tudies have been made in so l ids [96-108J and of (non-bonded 
vacant orbital)n.v. compounds and also recently of a few 
complexes of weaker types in the vapour s t a te [109,11CJ. 
complexes in s o l i o s even when of 1:1 stoichiometry do 
not always occur in the form of pairwise un i t s . Studies in 
the vapour s t a t e are d i f f i c u l t because K i s small and 
in te r fe rence of overlapping spect ra of the uncomplexed 
components i s often severe. These d i f f i c u l t i e s are also 
found for so lu t ion studies but they are less troublesome 
because K is l a m e r , "^ he complete absorption spectr'jm of 
a complex cons i s t s of absorpt ion due to the following : 
1. Locally excited states 
2. CT states 
Figure 1 shows the change tha t occur in the spectrum of 
iodine when i t d issolves in n-heptane and then when 
ethanol i s added (Ethanol i s t r ansparen t upto 220 nra). 
The maxima of the C2HR,0H.I2 CT band i s marked in the 
f i g u r e , and the posi t ion of the shif ted v is ib le absorption 
bana of ±2 in the complex (a t r a n s i t i o n to a loca l ly 
exci ted s t a t e ; i s also ino ica ted . The contact CT band 
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in n-heptane with 3.4 M ethyl alcohol. 
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appears as a long wavelength shoulder on the u l t r a v i o l e t 
iodine band when I^ i s dissolved in heptane. I t i s f e l t 
by some authors tha t the importance of CI forces in 
s t a b i l i z i n g the ground s t a t e of such complexes has been 
exaggerated, 
Mulliken' s theory i s a valence Dond approximation 
in which the complex formed by a donor 'u ' and an acceptor 
'A' i s represented as a resonance hybrid. If the i n t e r -
ac t ions between donor and acceptor are small, the t r a n s i t i o n 
energy ^^^BQ for the f i r s t CI band should by e i t h e r treatment 
be given by 
XV H- - 1 - c + constant . . . (1) 
•^— o 
where I i s the ionizat ion p o t e n t i a l of L and E^^ i s 
the e lect ron a f f in i ty of A. If then the acceptor i s kept 
cons tan t , A ^ o should vary l i n e a r l y with the ion iza t ion 
p o t e n t i a l of the donor, t h i s r e l a t i o n has been observed 
in a number of cases [ i l l ] . In the molecular o r b i t a l 
approach the eqn. {!) i s replaced by the more general 
equation 
^ci^Eji^^ = Dj^  " ^1 ••• constant . . . (2) 
where/^E^^ i s the t r a n s i t i o n energy for the CT band 
involving the f ield o r b i t a l i of D (energy D )^ and the 
empty o rb i t a l j of A (energy j ^ ) . This i s equivalent to 
equation (1) in the case of f i r s t CT band, for the 
i on i za t ion po ten t ia l of the donor should be equal to the 
energy of i t s highest occupied molecular o r b i t a l . If 
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eqn. (2) i s val id the energies of the CT t r a n s i t i o n s 
should be p red ic t ab le from simple molecular o r b i t a l 
theory. Thus the energies of tne f i r s t CT t r a n s i t i o n s of 
a var ie ty of donors with a given acceptor should be a 
l i n e a r function of the energies of the highest occupied 
o r b i t a l s of the donors . 
Mult iple Charge- t ransfer Spectra 
vVe can see from table 2 tha t the i n t e n s i t y of CT 
spectra of the iodine-benzene complex i s very large and 
tha t both the K value and the value of -/!!::^H increase 
proport ionately with increasing s ize of e l ec t ron donor 
hydrocarbons. However, the i n t e n s i t y of the CT spectra 
i s inversely propor t iona l with increasing donor s i z e . 
In p a r t i c u l a r , CT spec t r a l i n t e n s i t y of the anthracene-
iodine complex seems to be weaker than that expected from 
the assumption t h a t the CT spectra may borrow much of 
t h e i r i n t ens i t y from strong absorption bands of the donor 
i t s e l f . This ass -mption i s val id because these ca t a -
condensed hydrocarbons have several lower excited s t a t e s 
allowed strongly from the se l ec t ion r u l e . In connection 
with th i s problem Murrel l [112] proposed the following 
d i scuss ion . General ly the MO's of aromatic hydrocarbons 
spread over the whole molecule so that the Overlap between 
the e lec t ron donor o r b i t a l and the accepting ( a , u of the 
±2 moleculej o r b i t a l becomes smaller for large hydro-
carbons than for smaller ones. As a r e s u l t , the CT 
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TABLE 2 
SPECTROSCOPIC AND THERMODYNAMIC DATA OF IONIC COMPLEXES 
WITH SOME AROMATIC HYDROCARBONS 
Donor K (Temp.) C _ (XSI.) (solv) AH .solv) 
solv j^  ^ 3^_ mole"^ 
Benzene 0.15(25°C)^ 16.400(292 mp) -1.3(Hexane)^ 
CCl, (CCl,)^ (CCl,)^ 
4 4 4 
Naphthalene 0.25(25°C)^ 7.150(360 m^) -1. 8 (Hexane l'^  
CCl (hexane) 
Phenan- 0.45(23°C)^ 7,100(364 mp) 
^^ -^'^ •'^ ^ CCI4 (CCl^)^ 
Anthracene 3.0(23°C)^ '-^ 550 at 430 mp -1.6(CC1^)^ 
CH2Cl2,CCl^ (430 mu) (CCl^)^ 
a. L.J. Andrews and R.M. Keefer, J. Am. Chem. Soc, 74, 4500 
(1952). 
b. J.A.A. Ketelaar, J. Phys. Rad., 15, 197 (1954). 
c. R..M. Keefer and L.J. Andrews, J. Am. Chem. Soc, 77, 2164 
(1955). 
d. J. Peters and W.B. Person, J. Am. Chem. Soc, 86, .0 (1964). 
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i n t e n s i t y of the iodine complexes with large hydrocarbons 
r e su l t s in a weaker i n t ens i t y compared with tha t of the 
complexes with small s ize hydrocarbons. At the same time 
the s t a b i l i t y of the complexes should decrease with 
increasing donor s i z e of hydrocarbons as CT tl y 
suggests . Actua l ly , however, K and -AH value- ..jrn out 
to be larger with increasing size of hydrocarbons, i . e . 
complexes becomes s t a b l e , as Table 2 shows. 
The main reason for these resu l t s may be as 
follows : 
When hydrocarbons increase in size there appear many MO's 
whose energies are not so well separated from one another. 
Hence i t i s poss ib le tha t the charge t rans fe r i s also 
brought about from deeper MO's as well as the highest 
occupied MO of hydrocarbons. Thus these CT s t a t e s can 
i n t e r a c t with the ground non-boncing s t a t e , r e s u l t i n g in 
g rea te r stabiliz=»tion of the ground s t a t e , ^s a net 
r e s u l t the complex becomes more stable as the r ing s ize 
of the hydrocarbon becomes l a rger . The CT bands caused 
by the charge t r a n s f e r from deep donor o r b i t a l s w i l l be 
hidden under the absorpt ion bands caused by t donors or 
acceptor themselves. 
Multiple CT bands, especia l ly two CT bands, have 
been reported by many workers for various kinds of 
molecular complexes. A typical example is shown in Fig. 
3 [113] . 
24 
. . - I 
t/i 
c: 
a) 
X) 
w 
• f< 
a 
0 
350 400 450 500 
Wave leng th (in p) 
550 
Fig. 3 Two CT absorption spectra observed on the 
chloranil-substituted naphthalene y^-n complexes 
in CCl.: naphthalene, oC-chlornapthalene 
ciC-methylnaphthalene -.-.-.- oC-nethoxyna-
phthalene. [Reproduced from A. Kuboyana, J. 
Chem. Soc. Japan, 83, 376 (1962)]. 
25 
U.V. Visible Spectra 
In general a complex forrried between an e l ec t ron 
donor and an e lec t ron acceptor s t i l l r e t a in s the absorp-
t ions of the components modified to a g rea te r or l e s s e r 
ex ten t , together with one or more absorption ba 's 
c h a r a c t e r i s t i c of the complex as a whole. The i .gn i t ion 
of th i s fact by Brackman [l24j was important h i s t o r i c a l l y 
because i t led to the r ea l i za t i on tha t the absorpt ion i s 
the resu l t of an intermolecular charge t r ans f e r t r a n s i t i o n 
and not a modified t r a n s i t i o n of one or o ther component. 
In pract ice the absorption c h a r a c t e r i s t i c of the complex 
in solut ion may not be eas i ly observed since the complex 
wi l l be p a r t i a l l y dissociated in to i t s component spec ies . 
I t may be p a r t i c u l a r l y d i f f i c u l t to measure those absorption 
bands due to ' l o c a l e x c i t a t i o n ' , when the i n t e r a c t i o n i s 
between strong donor and strong acceptor. In such cases 
the t r ans i t i on usually appears as a separate band cons i -
derably a t lonaer wavelength than the absorption of the 
component molecules. The i n t ens i t y of absorption band of 
a complex i s usually determined as the molar abso rp t iv i ty 
i ex t inc t ion coeff ic ient) at the wavelength of maximum 
absorpt ion. A d i r e c t determination of i n t e n s i t y can not 
normally be made because the degree of d i s s o c i a t i o n of the 
complex in solut ion i s usually s i g n i f i c a n t . Solid charge 
t r ans fe r complexes have been studied by t ransmission 
[115-135] and r e f l ec t i on [136-138J spectra using specular 
r e f l ec t ion from a s inole c rys ta l [ l 3 8 j . Soon a f t e r the 
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publ ica t ion of Mulliken*s charge t r ans fe r theory, Nakamoto 
[115] provided an experimental observation which could 
be well explained in terms of th i s theory, whereas the 
absorption of po la r i sed l iqht by oriented crystals and of 
pure aromatics shows a stronger low energy absorption when 
the e l e c t r i c vec tor i s p a r a l l e l than when i t i s perpen-
d icu la r to the r i n g , the opposite obtains for the lowest 
energy in termolecular charge t r ans fe r t r a n s i t i o n of a 
complex between the two planar molecules (Fig . 4 ) . If a 
number of donors are complexec with a s ingle acceptor , a 
refined parabol ic r e l a t i o n s h i p of the form i n eqn. (3) 
follows 
hVpT = I^ - C, + -fT^ . . . (3) 
virhere Ci ano C2 are constants for a given acceptor . This 
equation best co r re l a t ed the data avai lable then. As the 
range of donors i s increased, some changes in these 
values can be expected. Sl ight ly p r io r to the appl ica t ion 
of eqn. (3) McConnell e t a l . [139] showed tha t there i s 
an approximately l i n e a r r e l a t ionsh ip between I and ^ p j 
(frequency of CT band) for complexes of iodine with the 
wide range of r e l a t i v e l y weak donors. 
^^CT = ^^ - ^ - '^ . . . (4) 
Where E^  i s e l e c t r o n a f f i n i t y of the acceptor and W i s 
the d i s soc ia t ion energy of the charge t r ans fe r excited 
s t a t e . Since the publ ica t ion of tha t paper, s imi l a r l inear 
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Fig. 4 The solid cor.plex pyrene-tetracyanoethylene: (a) the 
polarized absorption spectra of a single crystal: (b) 
a projection of the crystal structure along the a-axis 
on the be plane showing the orientation of the b-and 
c-axes. 
28 
r e l a t i o n s h i p s have been described for complexes of many 
o ther acceptors . In general 
hUcT = a I^ + b . . . . (5) 
when there i s l i n e a r co r r e l a t ion between I and h^^ CT, i t 
i s taken as a confirmation of a charge t rans fe r complex, 
though there is no t h e o r e t i c a l j u s t i f i c a t i o n . There i s a 
s imi l a r l inear r e l a t i o n s h i p betv/een the e lec t ron a f f i n i t y 
of s e r i e s of accep tors , complexed with a s ingle donor and 
h D CT of the type 
hjJCT = a £^ + b i 6 ) 
The e lec t ron a f f i n i t y of a number of acceptors has been 
evaluated from polarographic half wave potent ia l by the 
eguat ion 
The energy of charge t r ans f e r band i s correlated with the 
Huckel coeff ic ients as follows 
hU CT Uj^) - hj,'CT(A2) = B- ,A^) - BIA2) (8) 
where B• i s a Huckel coe f f i c i en t . 
Kosower [140-143] has shown tha t 13 CT for the complex 
between the iodide ion and a pyridinium ion i s extremely 
so lvent s ens i t i ve . For complexes in which the components 
are oppositely charoe^ species , the croup.d s t a t e may be 
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e x p r e s s e d as predo.ninant ly an ion p a i r witn a small 
admix tu re of a s t r u c t u r e i n v o l v i n g a pyr ic in ium r a d i c a l 
and i o d i n e atom wi th the two odd e l e c t r o n s coupled, i . e . 
2 2 
a << b " in e a u a t i o n t 
4'^- (AD).— a ' I ^ ' O C A , - ) + b 'L),1Q (A - "D) 
no-bond d a t i v e 
i n c o n t r a s t to the ground s t a t e of a weak complex formed 
2 2 
of two n e u t r a l s p e c i e s where a >> b . The exc i t ed s t a t e 
of t he pyridinium complex w i l l oe g iven by the e q u a t i o n 
^2 ^^ , *t2 
where a >> b . 
I .H. Spectroscopy 
The GT s t u d i e s i n the s o l i d s and in s o l u t i o n s t a t e 
v e r y c l e a r l y focus our a t t e n t i o n on t h e Di f f e rences i n the 
two approaches . Thus i n f r a - r e d measurements p rov ide no 
i n f o r m a t i o n about r e l a t i v e o r i e n t a t i o n of the donor and 
a c c e p t o r in the complex s o l u t i o n . I n f r a red spectrum of 
t h e s o l i d bromine benzene complex [1-^41 has enabled some 
m o d i f i c a t i o n s to be made t o the c r y s t a l s t r u c t u r e 
d e s c r i p t i o n Determined by A-ray d i f f r a c t i o n . The IR 
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spectrum which includes a bromine-bromine s t re tch ing 
v ib ra t ion is incons i s ten t with the c rys ta l s t r u c t u r e [145] 
having an axial conf igurat ion with chains of a l t e r n a t i n g 
benzene and haloaen molecules , in which the halogens are 
equid is tan t from two neighbourina benzene molecules in 
the chain and are cen t res of symmetry. Person e t a l . [144] 
suggested that these conf l ic t ing observations can be 
reconciled if, in the c r y s t a l s the nalogen molecules are 
no t , in fac t , exactly eau id i s t an t from t h e i r immediate 
benzene neighbours in the chain, but are somewhat c lose r 
to one than the o the r . 
The s o l i d - s t a t e s tudies on the te tracyanoethylene 
( TCNE) and hexamethylbenzene (Hiv'B) system has been very 
rewarding. Two complexes with a mole r a t i o of 1:1 and 1:2 
have been prepared [146,147] . The infra red spectra of the 
two complexes are given in f i ^ . 5 . The spectra of the 1:2 
complex may be in te rcepted in terms of a s t ruc tu re which 
cons i s t s of stacks which contain sequences of L . A . D . . . . 
D.A.D D.A.D D.A.D molecules. In the 
1:1 complex the out of plane infra red spectrum shows no 
absorption at 1295 cm (an absorption assigned to the 
t o t a l l y asymmetric C-CH3 s t re tching mode of HMB which 
i s forbioden in the f ree molecule) . This i s to 
be expected in terms of Ferguson and 
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range for the 1:1 & 2:1 crystalline 
conplexes of hexamethylbenzene and tetra-
cyanoethylene. 
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ikatsen 's [148-150) and Person and F r i e d r i c h ' s [ l 5 l ] theory 
Since the change o s c i l l a t o r between D and A, c h a r a c t e r i s t i c 
of a vibronic i n t e r a c t i o n , i s e f f e c t i v e l y zero in symmetrical 
DA D.A D . A . . . . . . . sequence of the 1:1 complex. 
However, in the 2:1 complex, the lower symmetry of the 
environment of the donor molecules permits the charge 
o s c i l l a t i o n , and a strong absorpt ion i s observed at 1295 
cm , By c o n t r a s t , the syrr.metry of environment of the 
TCNE molecule should be comparable t the 1:1 and 1:2 
complexes. The s imi lar absorption of the t o t a l l y symmetric 
double bond mode of TCNE a t 1560 cm" in the two complexes 
provides support for t h i s conclusion. 
The acceptors are general ly c l a s s i f i e d as non ac id ic 
and ac id ic compounds. The former type can only from DA 
complexes involving e lec t ron t r a n s f e r while the ac idic 
compounds are capable of forming both the e l ec t ron t r ans f e r 
complexes and those comprising proton donation to the donor. 
Most polyni t roaromat ics are non-acidic acceptors and, 
t he re fo re , they are expected to d isp lay the general spec t r a l 
sh i f t s of It - « complexes[l52]. Since the s t a b i l i t y of 
these complexes a r i s e s from a sh i f t of the e lec t ron dens i ty 
from the donor to the e lec t ron d e f i c i e n t acceptor molecule, 
the infra red region should record the e f f e c t of the change 
of e lec t ron dens i ty in the components upon the v ib ra t ion of 
atoms within the individual molecules' Study of v ib ra t iona l 
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spect ra may also reveal which p a r t s of the molecules play 
an act ive role in complex formation. 
NUCLEAR MAGNETIC RESONANCE (N?/.R) SPECTROSCOPY 
NtiiR spectrometry of CT complexes a lso gives a summa-
t ion of the spectra of the ind iv idua l r e a c t a n t s . However, 
t h i s technique i s only appl icable to CT complexes between 
aromatic systems whereby there i s a change in t h e i r r ing 
current giving r i s e to an upfie ld s h i f t of the protons of 
the acceptor and a low f i e ld s h i f t of the protons of the 
donor. This i s because,on complex formation e l ec t ron dens i ty 
i s t ransfer red from the donor to the acceptor . 
Some Recent Developments in charge Transfer complexes 
Equilibrium measurements have been used for the 
evaluat ion of ioniza t ion p o t e n t i a l s [ l 5 3 ] . Though such 
s tudies leave much to be desired by way of accuracy, never-
the less they are important due to t h e i r inherent s i m p l i c i t y . 
Through space i n t e r ac t i ons and r e a c t i v i t y have been re la ted 
by studying the photoelectron and charge t r a n s f e r spectra 
of benzobicycloalkenes[ l54] . s tud ies in mice l l a r media a re 
gaining a unique importance in chemistry and therefore i t 
i s i n t r e s t i n g to note , a recent repor t showing the e f f ec t 
of micel les on the s t a t e and dyna i c s of some excited charge 
t r ans fe r complexs [155] . The formation constants of se lec ted 
34 
CT complexes have been measured us ing a computer 
contro l led prec i s ion polarograph[ l56] . I t has been seen t h a t 
f lavin mononucleotide forms charge t r ans f e r complexes with 
phenols. This has been es tabl ished through the use of 
resonance Raman spectroscopy[l57] . A s ingle c ry s t a l of the 
charge t r a n s f e r complex between hexaethyl benzene and t e t r a -
cyanoethylene was invest igated for conformational effects 
and charge t r ans f e r t r a n s i t i o n s [ l 5 8 ] . Conducting organic 
charge t r a n s f e r complexes are of current importance due to 
t h e i r poss ib le use as organic conductors, Semiconductors and» 
the re fore ! i t i s i n t e re s t ing to note t ha t the charge t r a n s f e r 
s a l t s synthesized by the react ion of t e t r a t h i a fulvalenes and 
tetrahalo-p-benzoquinones produced highly conducting organic 
m a t e r i a l s [ l 5 9 ] . I t was shown tha t the complexes of phenyl-
furans and tetracyanoethylene were n - IT, complexes[l60]. 
In an exce l l en t study i t has been shown tha t some charge 
t r ans fe r complexes of tetracyanoquinodimethane can be used 
to prepare electrochemical e lec t rodes which can be used over 
a po ten t i a l region where they serve as i n e r t e l e c t r o d e s [ l 6 l ] , 
^'ost of the organic conductors to date have been based on 
tetracyanoquino dimethane. Therefore , i t i s very encouraging 
to note t h a t the charge t r ans fe r compounds composed of 
t e t r a th i a fu lva l ene and chlorani l are perhaps the f i r s t highly 
conducting organic mater ials tha t do not contain t e t r acyano-
quinoaimethane[l62j . IR spectroscopy has been used to study 
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the degree of charne t r ans fe r in organic conductors[l63]• 
n - 11 charge t r a n s f e r complexes are now systematical ly 
being s tudied due to the paucity of such s tudies on tr.is 
important family of complexes. For example, the i n t e r ac t i on 
of a l i p h a t i c amines and benzon i t r i l e has been r epo r t ed [ l64 ] . 
The solvent e f fec t s on the charae t r a n s f e r spectra of some 
amino anthraquinone dyes has been reported in nine d i f f e r en t 
so lvents ]165] . Surface enhanced Raman s c a t t e r i n g shows 
that there I s a charoe t r a n s f e r from t e t r a th i a fu lva l ene to 
s i l v e r and g o l d [ l 6 6 ] . The fonrat ion of a charge t r ans fe r 
complex between quinoline and boron t e t r a f l u o r i d e lead to 
s ign i f i can t changes in the ordering of e l ec t ron ic levels 
affect ing fluorescence,phosphorescence and inter-system 
c ros s ing [ l67 ] . The mechanism of e l ec t ron t r ans fe r from 
dihydronicotinamide adenine d inuc leo t ide (NADH) to p-
benzoquinone de r iva t ives has been shown to proceed via 
a charge t r a n s f e r complex[l68], Picosecond Laser photolysis 
has been used to e s t ab l i sh the charge t r a n s f e r process 
tha t occurs in the dibenzocarbazolepyridine hydrogen bonded 
complexes as a function of s t r u c t u r e [ l 6 9 j . The 1;1 and 
2:1 complexes of hexamethybenzene with tetracyanoethylene 
have been s tudied by resonance Raman sp€ictroscopy[l70]. 
The colour of (ni t rophenyl) a n i l i n e s has been explained 
from an X-ray csys ta l lographic study t h a t ind ica tes t ha t 
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the molecules are placed in a 'head to t a i l * arrangement 
resu l t ing in an unusual charge t r ans f e r between two molecules 
of the same compound[l7l]. Some large e l e c t r o n acceptors 
based on various subst i tuted quinodimethanes have been 
designated as acceptors for molecular m e t a l s [ l 7 2 j . The 
study of vapour phase charae t r a n s f e r complexes i s r a the r 
d i f f i c u l t owing to the sophis t i ca t ion and cost of instrumen-
t a t i o n . I t i s due to t h i s reason tha t not much progress 
has been made in th i s important d i r e c t i o n . I t i s therefore 
encouraging to note that e lec t ron energy l o s s spectrascopy has 
been used for the inves t iga t ion of vapour phase charge 
t rans fe r complexes of halogene with n -donors [ l73] . Graphite 
coated with viologen polymers behaves as an e lec t rode via 
a charoe t r ans fe r proce?sf174]. Charge t r a n s f e r complexes 
have been used for the synthesis of organic ferromagnetic 
m a t e r i a l s [ l 7 5 j . The tetramethylamine - sulphurdioxide 
system i s the only system for reac t ion thermodynamics 
known both in solut ion and gas phase. The microwave spectrum 
of th i s system has been, studied in order to eluicidate the 
s t ruc tu re of the complex[l76]. The r eac t ion of azoalkanes 
with s e r i e s of donors which are both s a c r i f i c i a l ( ; ^ , (^) 
and increva len t gives r i se to charge t r a n s f e r coraplexitation 
[177], The fluorescence spectrum of benzeni l ide exh ib i t s the 
anomally t h a t i t s ' ^ occurs a t longer wave lengths 
max 
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than t h a t of i t s phosphorescence emission. I t has recent ly 
[ l78] been shown tha t t h i s anomally may be due to an i n t e r -
molecular charae t rans fe r t r a n s i t i o n . A new approximate 
procedue for the determination of enthalpy of formation and 
formation constants of weakly bonded charge t r ans fe r complexes 
has been reported and has been applied to complexes of 
molecular iodine and chlorinated benzenes[l79J. The e f fec t 
of solvent on dipole moment and charge t r ans fe r in e l ec t ron 
system has been studied in N,N-dimethyl-p-ni trosoanil ine 
[18C]. ^H mR spectrometry[l8l] has been used to evaluate 
a s soc ia t ion constants for the electron-donor-acceptor comp-
lexes for the complexes of indoles and subst i tu ted indoles 
with l-( 2 ,4 ,6 - t r in i t ropheny l ) propan-2-one. I t has been 
suggested t h a t both in t e rna l and ex terna l references may 
be el iminated in WiR determinat ions of fast equiJ ibr ia with 
spec ia l reference to charge t r a n s f e r complexes[l82]. This 
study a l so questions the use of te t ramethyls i lane( TMS) as an 
i n t e r n a l reference due to the p o s s i b i l i t y tha t TMS may 
not be as i n e r t as assumed. A new and simple development for 
the measurement of charge t r a n s f e r through f ibre opt ic 
photometry has been proposed[ l83] . The preparat ion and s o l i d -
s t a t e charac te r i za t ion and X-ray c ry s t a l s t ruc ture of the 
1:1 charge t rans fe r complex of t e t r a th i a fu lva l ene and m-
dini t robenzene i s an important landmark in the study of 
charge t r a n s f e r complexes of po lyn i t roaromat ics [ l84 j . 
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C H A P T E R - 2 
REACTION BETWEEN 3,5-DINITROBENZUlC ACiD AND 
p-Di>'iETHYLM.IN^BENZALDEHYD£ Ii\ SOLID-STATE 
50 
INTRODUCTION 
The p r g a n i c s o l i o - s t a t e r e a c t i o n s r e s u l t i n g in the 
format ion of charge t r a n s f e r complexes a r e of c u r r e n t i n t e r e s t 
owing to t h e i r u t i l i t y in the s tudy of ' o r g a n i c m e t a l s ' [ l , 2 ] , 
i n pho tograph ic p r o c e s s e s and in energy c o n v e r s i o n system [ 3 ] , 
These r e a c t i o n s f ind a p p l i c a t i o n s i n s t e x e o s p e c i f i c s y n t h e s i s 
[4] and in e l e c t r o n i c and e l e c t r o s t a t i c d e v i c e s [ 3 ] . Although 
weak charge t r a n s f e r complexes a re not i n v o l v e d , n e v e r t h e l e s s , 
they may r e f l e c t the mechanism of these d e v i c e s . 
The p r e s e n t work was under taken t o s tudy the k i n e t i c s 
and mechanism of t h e r e a c t i o n between 3 , 5 - D i n i t r o b e n z o i c ac id 
iDNBA) and p-Dimethylaminobenzaldehyde (p-DAB) in s o l i d - s t a t e . 
I t has been observed t h a t t h e co lou r ot the p roduc ts did 
not show any change even when the reac^.ing s p e c i e s were 
mixed in d i f f e r e n t molar r a t i o s . I n f r a - r e d and s p e c t r o p h o t o -
m e t r i c s t u d i e s were used to i n v e s t i g a t e the formation of a 
charge t r a n s f e r complex. 
£XP£rtIivit;NTAL 
3 , 5 - D i n i t r o b e n z o i c ac id was GH r e a g e n t from E.Merck 
(Darmsdadt) and p-Dimethylaminobenzaldehyde was BOH Anala R 
BDH Poo le . England and were used as r e c e i v e d . Acetone was 
an AR reagen t an^^  d i s t i l l e d t h r i c e p r i o r t o u s e . T r ip l e 
d i s t i l l e d c o n d u c t i v i t y water was used t h r o u g h o u t . In s p e c t r o -
photometr ic method, a l l measurements were c a r r i e d out on 
oausch and Lome s p e c t r o n i c 20 spec t ropho tome te r a t 25.0 C. 
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3,5-Dinitrobenzoic acid (DKBA) i s a s l i gh t p inkish 
coloured compound and Dimethylaminobenzaldehyde (p-DAB) i s 
a white coloured compound. The two reac tan t s (DNBA and p-DAB) 
were mixed in 1:1, 2 : 3 , 3 :2 , 1:4, 4 : 1 , 1:9 and 9:1 molar 
r a t i o s in s o l i d - s t a t e which resul ted in the formation of an 
orange coloured product . Different techniques were employed 
to study the k ine t i c s and mechanism of the r eac t i on . Rastogi' s 
c ap i l l a ry technique [ 5 j , was employed to study the k i n e t i c s 
of the reac t ion . However, the advancement of the boundary 
of the product l aye r was not uniform, thus made i t impossible 
to study the k ine t i c s of t h i s reac t ion in s o l i d - s t a t e . 
Conductivity method was employed to study the r eac t ion 
mechanism [ 6 ] . But the change in conduct iv i ty was too small 
to be successfully u t i l i s e d to study the mechanism of the 
r eac t ion . Therefore, to study the reac t ion in the s o l i d -
s t a t e infra-red (IR) technique was employed, IR spec t ra of 
3,5-DNBA, p-DAB and t h e i r products in the molar r a t i o s 
mentioned above were recorded in s o l i d - s t a t e using KBr as 
so lvent . The method by Kross and Fassel [7j developed for 
IR has been used to e s t a b l i s h charge t r a n s f e r formation 
(CT) in s o l i d - s t a t e . 
For the confirmation of our observa t ions , ' s p e c t r o -
photometric method* was used. For the measurement o f / \ max 
u.Ul M solutions of each in acetone were used with O.OIM 
solu t ion of 3,5-D^©A in the reference c e l l , A new method 
for the estimation of K, the assoc ia t ion constant i s a l so 
descr ibed. 
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tor the measurement of K, 3 mis of 3,5-D^iBA solu t ion 
of r equ i s i t e concentra t ion were taken in a tube to which 1 ml 
increments of p-DA3 under the conditions [p-DAB] >> [3,5-D^BA] 
were added and absorbances recorded a t 42Q nm ( A max) . 
References for 3,5-DMBA were prepared in a l i k e manner. The 
equation used for the measurement of i<, takes the form [8] 
If a plot i s made of LDJQUJO^^ ^^ t^io* ^ s t r a i g h t 
l i n e i s obtained with slope l/6.;\ and the i n t e r c e p t 1 / K £ A • 
The charge t r ans f e r complexes (CT complexes) of 3,5-D^^BA 
have been studied la rge ly as the 3 ,5-d in i t robenzoate ion in 
aqueous media [ 9 j . This i s perhaps the f i r s t study showing 
the CT complex forn^ation of 3,5-DN3A in non-aqueous or aqueous 
mixed media. 
ri£SULT3 All, DISCUSSION 
i n i t i a l l y tne react ion between 3 ,5-d in i t robenzoic acid 
and p-dimethylaminobenzaldehyde (p-DBA) was s tudied in pure 
acetone. Figure 1 shows the CT band of th i s system. The method 
of Mulliken [lO] was used to i so la t e t h i s band whereby an 
equimolar amount of 3 ,5-dini t robenzoic acid (which absorbs 
in the region of in teres t ) was taken in the reference c e l l . 
p-DAB did not absorb in the region of i n t e r e s t . 
I t was seen tha t excess solvent d e s t a b l i s e s the 
complex. Therefore, the associat ion constant K was measured 
in a single tuoe having a known fixed amount of 3 , 5 - d i -
nitrobenzoic acid i n i t i a l l y and to t h i s so lu t ion was 
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continuously added fixed increments of a solution of 
p-DAB and the absorbances measured. Here the concentration 
of both reacents chancres continuously. Different blanks 
were prepared for di f ferent concentrat ions of 3 , 5 - d i n i t r o -
benzoic ac id . 
The assoc ia t ion constant in acetone was evaluated by 
the Scott Equation[8J which is a var ian t of the Benesi-
Hildebrand equation[]l] and i s often the preferable method[ l2 j . 
The a s soc ia t ion constant and t. values are tabulated in 
fuoi X ma 
Table 1. It is seen that though K is in the range observed 
ie.g. 23.6 for the N-(Indole-3-acryloyl) imidazole-3,5-
dinitrobenzoate in water) the molar absorptivity is 
absurdly low. This alongwith the destabilisation of the 
complex in excess solvent indicated that perhaps electro-
static forces are important. 
consequently results in mixed aqueous media were 
also carried out and are also reported in table 1. It is 
seen that thouah in all cases studied the-^ remains 
the same,K and \,^^ chanae dramatically. K increases from 
max ' 
25.C in pure acetone to 607.0 in a 60;^ : 40j< mixture of 
acetone and water. C does not show any pa r t i cu la r trend 
with K and ne i ther is th i s expected [l3].The almost abnormally 
large inc rease in ^ as the water content increases shows 
tha t e l e c t r o s t a t i c effects predominate. Further when in 
one p a r t i c u l a r case (8Cy. : 20;^; Acetone : Water mixture) 
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the measurements for K were carried out away from A 
' max 
(42u run) i . e . a t 480 run a large wavelength dependence in 
K was found (Table 1 ) . This observat ion confirms the ro l e 
of e l e c t r o s t a t i c con t r ibu t ions . 
IR spectroscopy is a v e r s a t i l e technique to study 
s o l i d - s t a t e r eac t i ons . I t has a v i r t u a l appl ica t ion to 
r eac t ions between amorphos s o l i d s , e s p e c i a l l y charge 
t r a n s f e r complexes where i t may pin point whether a complex 
i s Tx - n , n- 71 e t c . 
The acceptors are general ly c l a s s i f i e d as non ac id ic 
and a c i d i c compounds. The former type can only form DA 
complexes involving e lec t ron t r a n s f e r while the ac id ic 
compounds are capable of forming both the e lect ron t r ans fe r 
complexes and those comprising proton donation to the donor. 
Since the s t a b i l i t y of these complexes a r i s e s from a s h i f t 
i)f the e l e c t r o n densi ty from the donor to the e lec t ron 
d e f i c i e n t acceptor molecule, the in f r a - r ed region should 
record the e f fec t of the change of e l e c t r o n density in the 
components upon the v ibra t ions of the atoms within the 
ind iv idua l molecules. Study of v i b r a t i o n a l spectra may 
also reveal which par ts of the molecules play an ac t ive 
ro le in complex formation. The spectrum of the molecular 
complex should be a summation of the spectra of the two 
components. After a systematic study of 4omoleculer complexes 
with the p i c r i c acid»Kross has pos tu la ted ce r ta in regula-
r i t i e s in the ia spectra of the acceptor molecule. 
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Table 1 : K and A„^^ for the Dinitrobenzoic acid -
p-DAB Charge Transfer System in pure acetone 
and mixed aqueous solvents of acetone. 
SOLVE NTT 
Acetone 
Acetone/HJO 
(80 : 20) 
Acetone/H2O 
(70 : 30) 
Acetone/H2O 
A 
max 
(nm) 
420 
420 
480 
420 
420 
K 
25 ,0 
30 .0 
110 
460 
607 
e 
1.33 
83.33 
15 .0 
40 
41 .17 
(60 : 40) 
57 
According to Kross only the hJC2 asymmetric streching 
v ib ra t ion ard the C - H out of plane bending v ibra t ion 
showed s i g n i f i c a n t changes. Assuming tha t the NOj group 
of the 3,5-D^BA behaves s imilar to the N(j2 group of p i c r i c 
acid i t i s poss ible to i n t e r p r e t the IR spectrum of the 
DNBA-p-DAB complex on the bas is of the s tudies of Kross. 
J u s t l ike p i c r i c acid D^ BA shows a broad band with a maximum 
a t 152'^ cm due to the two n i t ro groups present in the 
molecule. Accordina to Kross the donors may be divided in to 
3 aroups on the bas i s of t h e i r IR spectrum. In group 1 
there are mostly hydrocarbons which show only one J^as NO^  
band g rea t e r in frequency than tha t in p i c r i c acid . The 
corresponding o C-H out of plane frequencies are a l l lower 
than in p i c r i c acid.Such complexes have been c l a s s i f i ed by 
Kross as Tc - 71 complexes. In group 2 he has included about 
twelve substances vhere the hydrocarbon donor contains CH^t 
OCHo* OH and NH2. In such cases a second band appears a t a 
lower frequency while the f i r s t band remains a t i t s o r ig ina l 
p o s i t i o n . These compounds are expected to show in addi t ion 
to K - -n bonding, a local ized intermolecular i n t e r a c t i o n . 
In group 3 he has included those substances which show a 
*• 
71- 11 and an n - ft t r a n s i t i o n . In t h i s case the spectrum 
of the complex shows two NO2 vibra t ions ,one s t ronger 
than the o the r . The more intense band i s located in the 
region in which the N0„ v ibra t ion is found in picfic'^a^ict'.fi 
and the '^'eaker band i s found at considerably/higher ^ *• 
'*-
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f requenc ies . The ScH out of plane v ib ra t ions invar iab ly 
appear a t higher frequency than in p i c r i c acid . A charac-
t e r i s t i c common to a l l of the complexes in th i s group i s 
t ha t the donor molecule contains an atom which permits i t 
to ac t as n-base and forms strong loca l i sed n-n complexes. 
The charge t r ans fe r takes place between nonHDOnding o r b i t a l 
or the heterocycl ic nitrogen atom and the vacant o r b i t a l 
of one of the n i t r o groups. 
On mixing equimolar amounts of 3,5-CihBA and p-DAB 
and recording the IR spectra a s h i f t of 20 cm (form 1540 
to 1520 cm~-^ ) i s observed for the ^^as NO2 v ib ra t ion of 
'^ ,5-dini t robenzoic acid while the band a t 1340 cm in 
3^5-dini t robenzoic acid sh i f t s t o 1370 cm" in the complex 
showing an overa l l sh i f t of 30 cm" . These r e s u l t s are in 
consonance with the s tuoies of i^ross and Fassel [ 7 j . The 
trend observed by us indicate as u-n* CT complex in accor-
dance to the above c l a s s i f i c a t i o n . 
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